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Size-dependent modifications of the first-order Raman spectra of nanostructured rutile TiO,
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The crystallite-size-dependent Raman spectral modifications observed for a suite of rutile TiO, nanocrystals
are analyzed and compared to the characteristics of the Raman spectra that were reported for nanoscale rutile
TiO, domains/crystallites embedded in thin films. The strong E, and A}, modes display disparate size depen-
dencies in the various rutile nanostructures. The redshifts of the Raman frequencies, asymmetric peak broad-
ening, and intensity/linewidth ratio reductions with decreasing crystallite size observed for nanopowder
samples are consistent with phonon confinement. The nonsystematic Raman spectral modifications that are
inconsistent with phonon confinement documented for the nanoscale rutile within thin films suggest that
intrinsic crystallographic or extrinsic matrix influences can interfere and overprint the confinement effects.
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There has been an intense interest in the characterization
of the size-dependent modifications of the first-order Raman
spectra of TiO, phases, specifically that of anatase and rutile.
The principal motivation for this research derives from the
potential nanostructured anatase and rutile TiO, hold as
promising materials for “energy” and “environmental” appli-
cations, with much of the current work focusing on their
utilization in photocatalysis, photovoltaics, photochromics,
electrochromics, and sensors.'= It is hoped that the charac-
terization of the size dependence of the Raman scattering and
other physical properties, especially on nanodimensioned
phases, could lead to the development of viable nondestruc-
tive size-estimation methods while also contributing to a bet-
ter understanding of the unique behavior of these materials
under finite-size regimes.

Nanostructured anatase is easily prepared in a range of
sizes (with small dispersions), shapes, and forms (as nano-
crystals, rods, tubes, wires, sheets, films, etc.) by using a
variety of physical and chemical methods.!® This has al-
lowed several detailed studies of the size dependence of its
properties, including that of the phonon spectrum. Most ef-
forts concentrated on the characterization of the size-
dependent changes of the Raman frequency, linewidth (full
width at half maximum), and intensity of the most intense
E,(;) mode at ~144 cm™! of the nanoscale (ns) anatase (re-
viewed in Refs. 3-5). The anatase E,(;) band shows a sys-
tematic blueshift of the Raman frequency and peak broaden-
ing with the decreasing crystallite size. Among the suggested
factors that contribute to the observed Raman spectral modi-
fications in the ns-anatase, namely, phonon confinement,
nonstoichiometry, and internal stress/surface tension effects,
the confinement of phonons by finite-sized anatase crystal-
lites has been posited as the most convincing proposal.’

In contrast to the broadly similar size-dependent modifi-
cations of the anatase Raman spectra reported in various
studies (albeit with disagreements in regard to their origin),
the relatively limited number of investigations on ns-rutile
have produced vastly different and, in some instances, con-
tradictory results concerning the size-dependent Raman
spectral modifications.5~!? In this paper, we suggest that the
disparate results, especially well documented for the size de-
pendencies of the most pronounced E, and A;, modes (at
447 and 612 cm™! for coarse-grained samples), stem from
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the intrinsic nature of the materials examined in various stud-
ies.

The grain-size effects contributing to the modifications of
the first-order rutile Raman spectrum was suggested in a hy-
drothermal synthesis study involving a limited number of
nanocrystalline samples.” A more detailed analysis of the
size-dependent modifications of the rutile Raman spectra, in-
cluding a comparison to the most completely investigated
Raman spectra of a rutile-structured nanocrystalline oxide,
which is of rutile SnO,, suggested distinct size-dependent
changes for the E, and A}, modes (redshifts, line broadening,
and intensity/linewidth ratio) that are consistent with a pho-
non confinement behavior.'?

The Raman spectra of compacted nanocrystalline rutile-
anatase mixtures, which were produced via gas condensation
of Ti and its subsequent oxidation (with or without thermal
annealing), were investigated by Siegel and co-workers.®=8
The broadening and frequency shifts of the rutile E, (at
418+10 or 424 cm™) and A, modes (at 600*+7 or
612 cm™!) were interpreted to reflect intracrystalline defects
and oxygen nonstoichiometry (a dependence on internal
stress or the grain size was ruled out).

The latest Raman studies on ns-rutile prepared through
the physical route also revealed contrasting modifications to
the E, and A;, modes.'"'? Nanocrystalline rutile-anatase
mixtures within cluster-assembled TiO, thin films deposited
on Si and Al,O5 substrates showed redshifts for the £, mode
and random shifts for the A, mode.!' Nonstoichiometry ef-
fects, which are common to materials prepared by using
physical methods, was ruled out as the reason for the spectral
changes. According to the authors, the modifications of the
E, mode fairly agreed with a phonon confinement model
(PCM) prediction, but that of the A;, mode did not. The
authors suggested that the dielectric constant of the embed-
ding medium influences the Raman spectral modifications in
the nanostructured phase.!!

The Raman scattering by “nanomosaic” rutile in a single
layer TiO, and TiO,—Al,O5 nanolaminate film rf-sputter de-
posited on a Au-coated glass or a fused silica revealed bulk-
like Raman shifts for the £, mode while the A, mode was
significantly blueshifted'>—a behavior not reported for any
other ns-rutile Raman spectra. The blueshift of the A;, mode
was attributed to an apical Ti-O bond shortening in the TiOg
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FIG. 1. Transmission electron micrograph of a nanocrystalline
rutile sample. The large anisotropy in the crystallite morphology
(elongated prismatic crystallites with aspect ratios ~1:3—1:5) con-
tributes to a significant uncertainty in the Scherrer size estimates
[the (110) reflection gives a value ~9 nm, whereas the majority of
the crystallites measure ~4-5X 15-20 nm in the TEM].

octahedral unit of the rutile crystal structure.'?

With the objective of reconciling the contrasting Raman
scattering data reported for ns-rutile TiO, and to assess pho-
non confinement as a plausible explanation for at least some
of the observed behaviors, we reexamined the Raman spectra
of the nanocrystalline rutile TiO, synthesized by using the
hydrothermal (HT) method.>'®!3 The HT method has been
documented to yield strain-free, stoichiometric nanorutile
crystallites with a small size dispersion.'3 For the HT synthe-
sis, TiCl, was added to a cold distilled water while under
constant stirring. The aqueous solution thus obtained was
filtered and aliquots were transferred to autoclaves and kept
at fixed temperatures in the range of 120—220 °C for 2-3 h.
The product (suspension) was filtered, washed, and dried at
80 °C. The x-ray diffraction (conventional® and unpub-
lished angle-dispersive synchrotron) data obtained on the
samples suggested a phase-pure rutile and the transmission
electron micrographs showed elongated prismatic crystals
(Fig. 1).

The unpolarized Raman spectra were recorded on seven
nanocrystalline rutile (powder) samples and on commercial
microparticle rutile, rutile+anatase (Alpha), and anatase (Al-
drich) powders by using a Dilor spectrometer. The Raman
scattering was excited with a 514.5 nm Ar* ion laser in the
backscattering geometry. The average crystallite sizes esti-
mated by using the Scherrer method with the (110) x-ray
diffraction peak for the nanocrystalline samples were 5.0,
6.7, 7.1, 8.8, 14.7, 19.1, and 23.8 nm. A minimum of six
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FIG. 2. (Color online) As-recorded (uncorrected for peak posi-
tions) Raman spectra of the microparticle rutile (labeled R), anatase
(A), and a rutile+anatase mixture (A+R). The dominant first-order
Raman peaks of rutile and anatase are marked. The numbers in the
boxes correspond to the peak positions (Raman shifts) obtained in a
multipeak fit for the anatase-rutile Raman spectra (peaks at the
bottom).

Raman spectra were analyzed for each sample and the aver-
ages of best fits are reported here. The as-recorded digital
spectra were fitted by using combinations of the Gaussian
and the Lorentzian functions to obtain Raman wave numbers
and linewidths in a multipeak fitting procedure by employing
the Gaussian deconvolution method. Here, we evaluate the
size dependencies experimentally obtained for the Raman
wave numbers and peak widths of the two dominant rutile
modes, namely E, and A, against those that were calculated
by using a recent PCM.!' The PCM was formulated by using
inelastic neutron scattering data'* and intrinsic linewidths
measured for microcrystalline powder samples as inputs.

It should be emphasized that the analysis of the
crystallite-size-related changes in the Raman shifts, peak
broadening, and peak asymmetry is best done on the Raman
spectra that were recorded for a suite of phase-pure samples
with varying average crystallite sizes. As seen in Fig. 2,
while extracting the Raman peak positions and linewidths for
the rutile £, and A;, modes from the spectra of a rutile-
anatase mixture, the contributions that are due to the By,
Ay, and E, anatase modes (flanking the rutile E, and A,
modes), as well as that due to the “background” (presumably
resulting from second-order phonon processes of the rutile
Raman spectrumlo), need to be subtracted from the overall
peak profile. The deconvoluted values are very sensitive to
the fitting procedure; our analyses suggested an extreme sen-
sitivity to the fitting procedure, especially at very small sizes
(see below), even for the Raman spectra recorded for the
phase-pure rutile nanocrystals. In particular, the errors in the
peak width increase for the smaller crystallites because the
combinations of the Gaussian and the Lorentzian functions
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FIG. 3. (Color online) Part of the Raman spectra of 5.0 nm
(lower) and 23.8 nm (upper) rutile showing an increased peak
asymmetry (increased a/b ratio) and a reduced intensity/peakwidth
ratio [/ (a+b)] with a decreasing crystallite size for the E, and A,
modes.

are not entirely adequate at smaller crystallite sizes owing to
the increased asymmetry and broadening (Fig. 3). The size-

dependent redshift, peak broadening, and intensity/
peakwidth ratio reduction are clearly seen in Fig. 3 and are
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FIG. 4. (Color online) Crystallite size-dependent variations in
the relative Raman frequencies (a) and linewidths (b) for the A, ¢
rutile Raman mode. Diamonds—experimental data; plus sign—
phonon confinement prediction (Ref. 11).
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FIG. 5. (Color online) Raman shift vs peak width correlations
for the E, (a) and A;, (b) modes of rutile TiO,. The curves are fits
to the PCM-predicted data (plus signs) (Ref. 11); the solid circles
represent the experimental data from Ref. 11; and the open dia-
monds with error bars represent the data from this study.

consistent with the known phonon dispersion relations.!”

In Fig. 4, the experimental and PCM-predicted crystallite-
size-dependent variations in the relative Raman shifts and
peak widths for the A, mode are compared. It is to be noted
that the data in Fig. 4(a) are slightly different to that in Ref.
10 because the present data represent the analysis of several
spectra. It was noted that the PCM is applicable for rutile
SnO, with crystallite sizes >10—-15 nm.!>!® For smaller
crystallite sizes, not only do the PCM-calculated Raman
spectra display an exaggerated asymmetry but increasing dis-
agreement may also be related to factors such as crystallite
size dispersion, intracrystalline defects, or disordered regions
within the crystallites.!> For the rutile TiO, nanocrystals,
however, the experimentally measured and PCM-predicted
size-dependent variations are only in semiquantitative agree-
ment (Fig. 4).

A correlation between the Raman shifts and linewidths
with varying crystallite sizes has been established for a vari-
ety of nanocrystalline materials.*!"!7-2! This correlation is
perhaps more useful'’"?? than the crystallite size vs Raman
shift/linewidth correlations, especially in the case of rutile
nanocrystals possessing high aspect ratios such as TiO,
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(Refs. 10 and 13) and RuO,,?® for which the Scherrer size
estimates may be compromised by the large anisotropy in the
crystallite morphology (Fig. 1). In Fig. 5, the Raman shift vs
linewidth data obtained in this work for the E, and A,
modes are superimposed on the correlations obtained by us-
ing the PCM."! For the E, mode, the agreement between the
PCM-values and the experimental data obtained from differ-
ent regions of the thin-film samples [represented by the solid
circles in Fig. 5(a)] was considered reasonable in the earlier
study.!! The present data, which are represented by the open
diamonds in Fig. 5(a), show a somewhat systematic overes-
timation of the linewidths in relation to the PCM prediction.
In part, it may be due to the instrumental broadening not
explicitly accounted for here. However, a weak tendency of
the linewidth overestimation is also seen in the earlier ex-
perimental data.!! This seems to suggest that the PCM pro-
vides only a semiquantitative prediction of this mode.

In the case of the A, e mode, in contrast to the E, mode,
total disagreement was obtained in the previous study'! be-
tween the PCM-predicted and the experimental Raman shift-
peak width correlations, which are represented in Fig. 5(b)
by the plus signs and solid circles, respectively. The PCM
was fitted with the same confinement function for both the E,
and the A, B modes and, therefore, was expected to give simi-
lar predictions. The disagreement obtained for the A, mode
was interpreted by the authors as a failure of the PCM. !>
As can be seen in Fig. 5(b), unlike their data (obtained from
the embedded ns-rutile in thin-film samples) that straddle the
“bulk” end of the correlation, the present data are aligned
along the PCM-predicted trend, suggesting that for nano-
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powder samples wherein three-dimensional confinement ef-
fects are practically unhindered by the influences of the sur-
rounding medium, the PCM also gives a reasonable predic-
tion for this mode.

Although the PCM has been applied with varying degrees
of success to a range of materials*? and provides very valu-
able information on typical size ranges depending on the
material,? its success must be gauged against the fact that it
is only a phenomenological model devised to describe the
relaxation of the ¢= 0 phonon momentum selection rule.!”-??
A number of assumptions and known shortcomings (see Ref.
25) embody the PCM, including the assumption of propagat-
ing phonons (bulk dispersion curves) to describe confined
modes, uniform particle size distribution, and choice of a
particular confinement function. The nonideal phonon-
related aspects of real nanomaterials (such as nonuniform
particle size distribution, chemical defects, crystallite imper-
fections, grain boundaries and interfaces, phonon interac-
tions with other nanoparticles or matrix, and existence of
surface modes) are bound to complicate the picture.

In summary, phonon confinement, crystallite-matrix inter-
actions (not fully characterized as yet), and crystal structure
characteristics all contribute to the divergent modifications
observed in the first-order Raman spectra of stoichiometric
ns-rutile TiO,. The PCM gives a semiquantitative prediction
of the Raman spectra (at least in a certain crystallite size
range) of rutile TiO, nanocrystals, as with ns-rutile SnO,
(Refs. 15 and 16) and Ru0,.?* Structural peculiarities'? or
crystallite-matrix couplings (when embedded)!' can lead to
remarkably different phonon behaviors that obscure the con-
finement effects.
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